The United Kingdom Atomic Energy Authority mortality study investigated the relation between mortality and recorded exposure to ionising radiation among employees working at the authority's seven establishments between 1946 and 1979. This report examines the design of the study and methods of data collection and validation.
Introduction
Controversy over the long term effects of repeated exposure to low levels of ionising radiation has prompted several organisations in Britain to examine the effects of radiation exposure on their workforce. '-3 The objectives of the study were to determine whether there was any relation between mortality and recorded exposure to ionising radiation and to use this information to assess whether relevant current risk estimates of the International Commission on Radiological Protection4 were of the correct order of magnitude. To meet these objectives a historical prospective study was designed in which personnel and radiation data compiled by the United Kingdom Atomic Energy Authority were linked by the Epidemiological Monitoring Unit to mortality data obtained independently from sources outside the authority. The main findings are presented in our accompanying report (p 440).
The credibility of the results of any occupational cohort mortality study depends to a large extent on confidence that the data collected are accurate and the study population complete.5 This paper describes the methods of data collection in the United Kingdom Atomic Energy Authority mortality study and the procedures used to verify the accuracy and completeness of the information obtained. It also examines some characteristics of the study population included in the mortality analysis that are relevant in interpreting the findings. Personnel departments' records at the current or last establishment were used as the primary source to define the study population, using, wherever possible, the personnel files to obtain the items of information essential for the study-that is, name, address, sex, date of birth, establishment, works number, dates of entering and terminating employment, and employment grade on leaving. Complete work histories were not available for all employees, and only the last of any transfers between establishments was recorded. The relevant items were transcribed to purpose designed, uniquely numbered study cards by United Kingdom Atomic Energy Authority clerks using detailed notes for guidance. Where essential information was missing from the personnel files attempts were made to obtain it from other sources, such as radiation, medical, or security records. Provision was made to include National Health Service and national insurance numbers, place of birth, and general practitioner's name where these items were required for tracing.
At Harwell, Risley, and Culcheth the personnel files of employees who left or died before 1965 had been destroyed. At Harwell, but not at Risley or Culcheth, alternative data sources for these employees were held by the personnel department. When the mortality study began in 1980 data collection at Dounreay was already in hand in preparation for a possible commercial demonstration fast reactor public inquiry. The personnel data collected on Dounreay's study card were used as the basis for the main study, although, as described below, some modifications of procedure were necessary to achieve comparability.
Copies of all completed cards were sent to the authority chief medical officer's unit at Harwell for coding of employment grade and allocation to social class based on the Registrar General's classification of occupations, 1970.6 Copies with names and addresses suppressed were then sent to the Epidemiological Monitoring Unit. A personal database was created both at Harwell and at the London School of Hygiene and Tropical Medicine. RADIATION 
DATA
Since 1946 the United Kingdom Atomic Energy Authority has maintained records of external radiation exposure of all employees designated as radiation workers and of many other employees potentially exposed to radiation. These records were the main source of radiation data for the study. Employees without radiation records were deemed by default not to have been exposed. Personal dosimeters, such as films or thermoluminescence dosimeters, are used for measurement of external radiation exposure. In addition, employees at risk of internal contamination from handling radioactive substances are subjected to periodic urine analysis for appropriate radionuclides.
At each establishment study cards recording identifying details and information about annual radiation exposure were completed for every person with a radiation record. The data relating to external radiation consisted of the annual whole body exposure, expressed in millisieverts (mSv), along with the contributions from neutron irradiation and any "notional dose" allocated when a dosimeter or its measurement had been lost. The corresponding dose to the skin was also recorded. Other relevant details included the calendar year of exposure, the establishment recording the information, the number of dosimeters issued in the year, and the number recording a "threshold dose"-that is, an exposure below the level of detection of the measuring technique employed. For (table Vm) . Seventy five were included in the study, and the authority was also able to identify one contractor (nonemployee) and 10 transferees to the Atomic Weapons Research Establishment or the Radiochemical Centre, groups specifically excluded from the study population. The two remaining people could not be traced, but in neither case was the authority named specifically in the cancer registry records and both might well have worked in atomic research elsewhere in the area. Thus this external check on the completeness of the subset of the study population whose cancer and subsequent death were recorded in the Oxford Cancer Registry was reassuring.
COMPLETENESS OF ASCERTAINMENT OF DEATH
While the ascertainment of death from sources outside the authority was an important principle of the study, the authority's own records of deaths in serving staff and pensioners provided a valuable cross check on the completeness of notification of death by the NHS central registers. Of the 1483 deaths in pensioners and serving staff between 1961 and 1979 known to the authority, 48 (3%) had not been notified to the Epidemiological Monitoring Unit and were flagged as alive at the central registers. Four were deaths in people known to have emigrated and eight others were known to have died abroad. The cross check with the Oxford Cancer Registry identified two more deaths in people who were flagged as alive. The NHS central registers are not informed routinely of deaths occurring abroad but the United Kingdom Atomic Energy Authority had been sent death certificates for nine of the deaths overseas.
There were 150 people in the study population who were aged 80 or over on 31 December 1979 and apparently still alive in 1983. Their low mortality in the preceding five years and the presence of some very old people raised the suspicion that some of these elderly people were, in fact, dead. A search through the DHSS records disclosed that 27 (18%) had died before the end of 1979, including two deaths overseas.
Death certificates were subsequently obtained from the central registers for 53 of the 77 missed deaths. The deaths were missed for the following reasons: emigrated (4); died while abroad (10); central register not notified of death (5); death recorded against duplicate NHS number (3); death not recorded in register, details from death index (36); no trace of details of death (10); clerical error (9) . Table VIm shows the distribution of these 77 additional deaths (and six others notified too late for inclusion in the mortality analysis) by sex and radiation state. They represent 2 1% of the deaths in the study population. While the additional deaths in men were slightly biased towards those with radiation records, the proportions of cancer and non-cancer deaths were similar in both categories. All but one of the additional deaths in women occurred in those without radiation records, and non-cancer deaths predominated.
ACCURACY OF DATA COLLECTION
Computer checks-The personnel database at the London School of Hygiene and Tropical Medicine was validated using criteria developed as a result of stringent checking of the first batch of 1000 cards from each establishment. All errors, omissions, and inconsistencies in these 1000 records were checked on site against the primary data source by staff of the Epidemiological Monitoring Unit and United Kingdom Atomic Energy Authority. Very few genuine errors were found and almost all were easily rectified. For all subsequent batches of cards records rejected by the data checking program were listed and sent to the United Kingdom Atomic Energy Authority for verification. A similar procedure for extensive checking of the radiation records was adopted. As 1946 and 1979. Comparison of mortality between employees with and without radiation records, without reference to an external population, overcame to some extent the problem of selection for work. Table VIIIm shows, however, that some social class differences were still apparent.
Men without radiation records were concentrated in administrative posts (social class II), whereas male radiation workers were predominantly scientists, technicians, and skilled workers and spread over several social classes. Half the women without radiation records were in clerical jobs (social class III, non-manual), whereas the greatest proportion of female radiation workers was in social class II. Table  IXm shows that duration of employment also differed between employees with and without radiation records, being much greater in radiation workers. Half of both men and women employees without radiation records worked for less than two years, and relatively few were employed for 10 years or more. By contrast, 39% of men and 22% of women with radiation records worked for at least 10 years.
Some employees spent time off site during, for example, secondment overseas, national service, or while on university courses. These periods were considered as breaks in service, and re-entry to one of the authority's establishments was treated as re-employment. Some people resigned and re-entered the authority's service at a later date-either at the same establishment or, occasionally, at a different establishment. While most employees had one continuous period of employment with the United Kingdom Atomic Energy Authority, others transferred once or even several times between sites. As records of all the moves were not available such mobility could not be taken into account in the analysis, and all employees were considered to have been situated at the establishment where they were last or currently employed. Table Xm shows the percentage of employees included in the mortality analysis who were in continuous employment, ever re-employed, or ever transferred. Overall, 91 % of all employees worked at only one establishment, while 90% either transferred among or were re-employed at different establishments. Closer examination by radiation state showed that a slightly higher percentage of the workers with radiation records moved between sites. Radiation workers have their radiation records transferred with them and do not, therefore, necessarily receive their total cumulative radiation exposure at the establishment where they were last employed. This should be considered when making comparisons between establishments, although the resulting bias is likely to be small.
Conclusion
As a result of the various internal and external checks on the completeness of the United Kingdom Atomic Energy Authority study population, coverage was deemed to be as complete as could reasonably be expected at all establishments except Risley and Culcheth, where it was known before the study began that personnel files relating to employment before 1965 had been destroyed. Assessment of the magnitude of the deficit led to the conclusion that the data from these establishments were too incomplete for inclusion in the mortality analysis without seriously biasing the results.
At all other establishments stringent validation checks showed that the personnel and radiation data had been compiled accurately by the authority. Tracing of ex-employees through the NHS central registers and DHSS was almost complete and particularly good among radiation workers, where the existence of a radiation record had sometimes provided an additional source of identifying details. There was, however, no evidence to suggest that the cause of death had been better ascertained in subjects exposed to radiation, necropsies having been carried out in a similar proportion of those with and without radiation records. Checks on the completeness of notification of death disclosed a relatively small number of deaths in people reported to be alive, but it was judged that their omission was unlikely to introduce bias. With the exclusion of Risley and Culcheth it was concluded, therefore, that the remainder of the data collected in the United Kingdom Atomic Energy Authority mortality study were sufficiently reliable to justify detailed analysis.
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